Pollen flow and population genetic structure among 30 potentially flowering individuals of Neobalanocarpus heimii , a tropical emergent tree, were investigated in a lowland tropical rainforest of Malaysia using microsatellite polymorphism. The 248 offspring in the vicinity of five reproductive trees of the 30 potentially flowering trees were used in paternity analysis for pollen-flow study. Four primer pairs, developed in different species of dipterocarps, were adopted to detect microsatellite polymorphism. Based upon microsatellite polymorphism, pollen flow and seed migration were detected. Pollen-flow events of more than 400 m were observed directly, based on paternity analysis in the study plot. The estimated average mating distance of the five reproductive trees was 524 m. This result suggests that reproduction of this species is mediated by a long-distance pollinator. The haplotypes of some offspring were not compatible with the nearest reproductive tree. Thus, the results suggest that some seeds are dispersed by a seed dispersal vector. Investigation of genetic structure showed significant and negative correlation of genetic relatedness and spatial distances between the 30 potentially flowering trees, but this correlation was weak. We suggest that long-distance gene flow and seed migration are responsible for the poorly developed genetic structure of this species.
Introduction
The study of gene flow through estimation of mating distance and number of mating partners is fundamental for understanding the reproductive process in outcrossing plants as well as for making conservation plans for plant populations. Theoretical studies suggest that restricted gene flow reduces effective population size, and causes inbreeding depression (Slatkin 1985; Alvarez-Buylla et al . 1996) . In general, restricted gene flow, which is the result of selfing or mating with relatives, can cause serious inbreeding depression in outcrossing species (Wang et al . 1999) . Therefore, restricted gene flow can become a threat to the viability of populations of outcrossing plants.
Asian tropical rainforests consist of a great variety of dipterocarp species, most of which are pollinated by animal vectors and reproduce by outcrossing (reviewed in Bawa 1998) . The distances between conspecific adult individuals are sometimes more than 100 m, indicating a low density (Bawa 1998) . Restricted mating such as sib mating or selfing, which is caused by decreasing density of flowering trees and restriction of intertree movement of pollination vectors, may reduce the population viability of tropical trees. For example, in Shorea siamensis in Thailand, the decrease in density due to selective logging caused an increase in selfing rate because pollen flow, which is mediated by a small bee, become restricted (Ghazoul et al . 1998) . Thus, estimating pollen-flow distance and number of mating partners (gene flow) are important for providing information for the conservation of viable populations of tropical tree species.
In spite of the importance of pollen flow, little is known of the mating distance of most dipterocarp species. A few previous studies in neotropical tree species indicated that pollen-flow distance was long (reviewed in Nason et al . 1998) . Most of the estimates were based on allozyme markers that appear to have had low polymorphism. In these cases, pollen-flow distance was only indirectly estimated by statistical analysis because of the low paternity exclusion probability (Ritland & Jain 1981; Stacy et al . 1996) . Thus, these methods do not necessarily estimate gene-flow distance accurately. Paternity analysis using genetic markers that are more polymorphic is needed in order to strengthen the accuracy of estimation. Recently, the possibility of direct estimation of gene flow has increased with advances in molecular biological techniques for detecting and analysing microsatellite polymorphism using a hyper-polymorphic genetic marker. The microsatellite marker provides enough polymorphism for direct paternity assignment. Gene-flow analyses using microsatellite polymorphism have been conducted on several wind-pollinated temperate tree species (e.g. Streiff et al . 1999 ) and a few insect-pollinated neotropical tree species (Chase et al . 1996; Aldrich & Hamrick 1998) .
In the present paper, we investigated the gene flow and genetic structure of insect-pollinated tropical rainforest trees of low flowering-tree density. Genetic structure, i.e. the genetic differentiation within a population, is induced when gene flow by pollen and seed dispersal is limited. Thus, the absence of genetic structure among adult individuals suggests the existence of gene flow in previous generations in the population. We used microsatellite polymorphism analysis to estimate pollen-flow distance and to investigate the fine-scale genetic structure in Neobalanocarpus heimii (King) Ashton (Dipterocarpaceae), an emergent tree species in lowland mixed dipterocarp forest. N. heimii is a member of Shorea group as determined by molecular phylogeny data Kamiya et al . 1998) . It is a durable timber species of high commercial value, and has become over exploited and scarce; it can only be seen in restricted areas such as a reserve. The density of flowering trees [>30 cm diameter at breast height (d.b.h.) tree density was 0.83 ha -1 in primary forest] is low even in the native habitat (according to one observation at the study site). We addressed the following two questions: (i) how far is the mating distance in a tropical emergent tree species with low flowering-tree density? And (ii) does genetic structure exist among adult trees, suggesting restricted gene flow in previous generations?
Materials and methods

Material
Neobalanocarpus heimii (King) is distributed widely in lowland mixed dipterocarp forest in Peninsular Thailand and Malaysia (Ashton 1982) . Seed dispersal usually occurs only by gravity and, as the seed is heavy and wingless (acorn like), is negligible outside the projected area of the crown ( ≈ 20 m diameter; M. Yasuda personal communication). The main flower visitors are a Trigona sp. and Apis spp. (Appanah 1985 (Appanah , 1987 ; as cited in Dayanandan et al . 1990) .
Study site and sample collection
We conducted our sample collection in a 42-ha study plot, which consisted of about 36 ha of primary and 6 ha of secondary forest in the Pasoh Forest Reserve (Fig. 1) , Peninsular Malaysia (lat 2 ° 5 ′ N, long 102 ° 18 ′ W). Our study site was at the margin of the primary forest where it was elongated from the core Pasoh area. Thus, three sides of the study plot (east, south and west) were surrounded by logged-over forest, where the density of large N. heimii trees, >50 cm d.b.h. (T. Okuda unpublished data), was generally lower than in primary forest (>50 cm d.b.h. tree density was 0.75 ha -1 ).
We found in the study plot 30 potentially flowering trees, defined as trees of more than 30 cm d.b.h., which would possibly bloom, and considered them as candidate pollen parents. The spatial distribution of these trees was mapped and their size was recorded (Fig. 1 ). An assemblage of 'seedlings', i.e. newly established annual seedlings, and 'saplings', small trees <40 cm tall, were found in the vicinity of five of the 30 potentially flowering trees. We regard these five trees as reproductive trees; three of them (SP1, SP2 and SP3) were surrounded by saplings, and two (SD1 and SD2) were surrounded by seedlings (Fig. 1) . The d.b.h. of SP1, SP2, SP3, SD1 and SD2 were 114, 140, 134, 116 and 161 cm, respectively.
Inner bark was collected from all of the 30 potentially flowering trees. In addition, 49, 48 and 50 saplings were collected around SP1, SP2 and SP3, respectively, and 52 and 49 seedlings around SD1 and SD2, respectively (Fig. 2) . All offspring were collected within a radius of 10 m from the mother tree. The seedlings and saplings were assumed to be the offspring of the nearest reproductive tree because the intertree distance was at least 40 m (Fig. 1) .
DNA extraction and genotyping
Total DNA was extracted from the inner bark of 30 potentially flowering trees and from leaves of the seedlings and saplings, using modified CTAB method (Tsumura et al . 1996) . After extraction, crude DNA was purified with the FastDNA® Kit (Bio 101, Inc.). The genotype of each potentially flowering tree, sapling and seedling was determined by polymorphism of the microsatellite loci using four primer pairs ( Shc 02, Shc 03, Shc 07 and Shc 09) that were developed in Shorea curtisii (Ujino et al . 1998) . We tested nine primer pairs and chose the four that each detected more than two alleles at each locus in a preliminary experiment. We could not assure polymorphism or amplification of microsatellite loci in the other primer pairs.
Polymerase chain reaction (PCR) amplification was performed in 10 µ L reaction volumes containing 1-5 ng genomic DNA, 1 × supplied PCR Buffer, 0.2 m m of each dNTP, 1.5 m m MgCl 2 , 0.2 µ m of each primer (one primer was dye labelled) and 0.25 -0.5 units AmpliTaq Gold™ Taq polymerase (PE Applied Biosystems) using the GeneAmp™ PCR System Model 9600 (PE Applied Biosystems). The annealing temperature and the number of PCR cycles for the primer pairs, Shc 02, Shc 03, Shc 07 and Shc 09 were 52 ° C, 50 ° C, 54 ° C and 50 ° C for 30 s, and 32, 30, 45 and 45 cycles, respectively. The denaturation and extension conditions were the same for all primer pairs, and were 94 ° C and 72 ° C for 30 s, respectively. The genotype was determined using an ABI 310 Genetic Analyser and genescan ™ software version 2.0.1 (PE Applied Biosystems). All PCR amplification and detection procedure of microsatellite alleles were performed three times to verify the genotyping. The underlined numbers are numbers of offspring analysed. Each number around the pie graph indicates the percentage of the following: 'Single', which indicates offspring that were assigned to a single pollen parent; 'Self', which indicates offspring judged to selfed; 'Multiple', indicating offspring that showed more than one pollen parent; 'Outside' indicating offspring that did not have a compatible pollen parent within the study site; and 'Migration', which indicates seedlings or saplings whose haplotypes were incompatible with that of the nearest reproductive tree.
Estimation of breeding unit size
We calculated the breeding unit area defined by Nason et al . (1998) for each tree. The procedure is as follows:
where d in is number of different pollen parents for the reproductive trees in the study plot and S is the area of the study plot; thus, means the density of potential mates for a reproductive tree; d total is total number of mates for a reproductive tree. In the present paper, we used as the value of d total , the sum of the number of pollen parents that were found in study plot plus the estimated minimum number of pollen parent outside the study plot, inferred by the haplotypes of the offspring. We also calculated the breeding-unit radius -the radius when the breeding unit area is assumed to be a circle (Nason et al . 1998 ) -for each reproductive tree.
Statistical treatment
Genetic differentiation by spatial separation among the potentially flowering trees was tested by calculating the correlation between genetic distance and spatial distance among these trees. We used genetic relatedness between potentially flowering trees as the genetic distance. In general, relatedness is the probability of sharing an identicalby-descent gene between two individuals. We calculated the correlation of those two distances but did not use spatial autocorrelation statistics such as Moran's I (Moran 1950) , which would possibly fail to detect genetic structure (Epperson & Li 1996; Epperson & Li 1997) . The relatedness between all 30 potentially flowering trees was calculated using the relatedness software, version 5.0.5 (Goodnight 1999) , based on Queller & Goodnight (1989) . The spatial distance was also calculated between all potentially flowering trees. The statistical test for the correlation between the two distance parameters (Mantel test, Mantel 1967) , i.e. correlation between genetic relatedness and spatial distances among potentially flowering trees, was performed using tfpga (Tools for Population Genetic Analyses) version 1.3 software (Miller 1997) . We adopted the 5000 times randomization in the Mantel test, which is a realistic minimum for estimating a significance level of about 0.01 (Manly 1997) . Paternity assignment was conducted by simple exclusion based on multilocus genotypes for all 30 trees. For all offspring that had single-assigned pollen parent, we performed maximum-likelihood estimation to evaluate the reliability of this paternity assignment using cervus 1.0 software program (Marshall et al . 1998) . cervus software requires as input parameters 'cycles', 'number of candidate males' and 'proportion of loci mistyped'. We set 10 000, 100 and 0.01 as these parameters, respectively, which were strict conditions for paternity assignment (Marshall et al . 1998) .
Results
Genetic differentiation among flowering trees
PCR amplifications of microsatellite were identical in all replicates of individuals. We detected 6 -11 alleles in four microsatellite loci (Table 1) . In these four loci, only Shc 02 deviated significantly from Hardy-Weinberg equilibrium ( χ 2 = 17.54, d.f. = 1, P < 0.01).
The average heterozygosity over these four loci was 0.675 (Table 1) . Thus, the polymorphism of these microsatellite loci was enough for detecting population genetic structure. Figure 3 shows the relationship between relatedness and spatial distance. A negative and significant correlation was detected but the r -value was low ( r = -0.228, P < 0.01, Mantel test). If there was a genetic structure within population, there would be a clear negative correlation and a high r -value would be expected between these parameters. Thus, the results indicate that the genetic structure among the 30 potentially flowering trees in the study plot was low.
Genotype determination of offspring, paternity analysis and estimation of gene flow
The total exclusion probability over the four loci for first parent (Marshall et al . 1998) , i.e. this is the exclusion probability in the case of both parents being unknown, was 0.870. Thus, considering that the long intertree distance of potentially flowering tree and nondisperse seed (see Materials and methods), when the haplotype of offspring was compatible with the nearest reproductive tree, it is a probable assumption that the nearest reproductive tree was the seed parent of the collected offspring. We could assign 64 offspring with 95% confidence level, which included two selfing events; 29 offspring with 80% confidence, which included three selfing events; four offspring with 70% confidence, which included one selfing event; nine offspring with 60% confidence, which included one selfing event; and six offspring with 55% confidence to individual pollen parents from among the 30 potentially flowering trees in the study plot. In total, we could assign 112 offspring, which included seven selfing events, to individual pollen parents in the study plot. Nineteen of the 30 potentially flowering trees had sired at least one of these offspring. The proportion of single-assigned pollen parents to total analysed offspring differed among the five reproductive trees (Fig. 2) . In the offspring that were assigned to a single pollen parent, the proportion of selfed seedlings (seven out of 65) was slightly higher than that of saplings (0 out of 47). These proportions were significantly different ( P = 0.0412, Fisher's exact test). Of the offspring in the study plot, 26 had more than one potential pollen parent; 71 had no compatible pollen parent within the study plot, and we concluded that the siring pollen came from outside the plot. Pollen flow from outside the plot was higher in saplings (SP1, SP2 and SP3) than in seedlings (SD1 and SD2, Fig. 2, Table 2 ).
In spite of the large intertree distance, the haplotypes of 39 offspring were not compatible with the nearest reproductive tree, which was assumed their mother. In particular, the haplotypes of the saplings around SP3 were highly incompatible (48%) with the nearest reproductive tree (SP3) compared with the relative compatibility of offspring of other reproductive trees (Fig. 2, Table 2 ). This offspring -nearest reproductive tree incompatibility of haplotypes -was judged by one locus of Shc 02 in 22 out of 24 saplings. In general, deviation from Hardy-Weinberg (HW) equilibrium can be caused by misamplification of microsatellite allele, which is called 'null allele'. The locus Shc 02 was Fig. 3 The relationship between spatial and genetic distance. The horizontal axis is spatial distance; the vertical axis is relatedness ( genetic distance). The correlation is significant and negative (r = -0.228, P < 0.01, 5000 permutation, Mantel test). The solid line is the slope of a leastsquares fit (r 2 = 0.052).
Table 2
Profiles of gene-flow events in each tree. 'Self' is the proportion of self-pollinated offspring in total offspring, except those in which the haplotype was incompatible with the nearest tree. 'Mating within site' is the proportion of mating events that occurred within the study site, including those with more than one included pollen parent. 'Migration (pollen)' is the proportion of mating events in which no compatible pollen parent was found within the study site. Thus, 'Mating within site' plus 'Migration (pollen)' total 1.00. 'Migration seed' means the proportion of offspring whose haplotypes were incompatible with those of the nearest reproductive trees, in total offspring examined. 'Mean pollination distance' is the mean distance of observed pollen flow for each tree. 'Pooled' represents the mean distance of observed pollinations for the seedlings (SD1 and SD2) and saplings (SP1, SP2 and SP3). The numbers in parenthesis are number of offspring analysed significantly deviated from HW, which suggests the presence of null allele at this locus. If the parent-offspring mismatch are homozygote-homozygote, the mismatch between parent and offspring may be caused by the presence of null allele. The locus Shc 02 of SP3 was homozygous, however, Shc 02 of incompatible saplings around SP3 were heterozygous with five alleles, which were 23 of 24 saplings. Thus, it appears likely that these saplingsnearest reproductive tree incompatibility of haplotypes were not caused by null allele but caused by import of seeds from other reproductive trees, though we could not deny the presence of null allele at Shc 02. Half saplings around SP3 were inferred to have originated from two neighbouring adult trees, but the import of seeds to the area around SP3 was still higher than for the other trees. Seven of 39 offspring had haplotypes incompatible with those of the potentially flowering trees in the study plot and were most likely from seven seeds transported from outside the plot. The average distance of definite pollination events was 191.2 m ( ± 104.9SD). We found several pollination events of more than 400 m (Fig. 4) . The longest pollen flow found for a seedling of SD1 (Fig. 4a) , for which the pollen came from a tree 663.6 m away; to our knowledge, this is longer than any previously observed pollen-flow event directly in any tree species. The observed average pollen-flow distances of pooled seedlings of SD1 and SD2 and pooled saplings of SP1, SP2 and SP3 were not statistically different ( z = 0.111, P = 0.912, Mann-Whitney U -test, Table 2 ), although the average distance was significantly different among the five reproductive trees ( H = 32.260, P < 0.001, Kruskal-Wallis test, Table 2 ).
The breeding-unit size for the five reproductive trees is shown in Table 3 . The average breeding-unit area and breeding-unit radius for the five reproductive trees were 86.3 ha and 524.2 m, respectively. In this calculation, we used the estimated minimum number of pollen parents outside the study plot and assumed the same tree density in primary as in logged forests, where the density of reproductive trees was lower. Thus, the estimated breeding units are probably smaller than the actual breeding-unit size.
Discussion
Gene flow
The long distance pollen flow was observed among flowering Neobalanocarpus heimii (Fig. 4) ; 29% of the offspring were sired by pollen from outside the study plot ( Table 2) . The estimated minimum average mating distance was 524 m (average breeding unit radius, see results). N. heimii is mainly pollinated by stingless bees ( Trigona sp., Appanah 1985) or honey bees (Apis spp., Appanah 1985) and the latter is known to be a long distance pollinator (Dayanandan et al. 1990 ). Thus, this long distance pollen flow probably depends on the performance of pollinator.
The behaviour of the pollinator is likely affected by interflowering-tree distance (Bawa 1998) and, therefore, flowering tree density is also probably responsible for the mating distance of tropical trees. Ghazoul et al. (1998) reported that the pollinator (Trigona fimbriata) of Shorea siamensis flew much further in an area with long interflowering-host tree distance than in an area with shorter interflowering-host tree distance. However, there is a limit to interflowering-tree movement by pollinators. The pollinator of S. siamensis was more likely to return to the nest from a tree than to move on to another tree in the low tree-density site (Ghazoul et al. 1998) . Thus, the two factors probably responsible for mating distance in tropical trees are, first, performance of the pollinator and, second, flowering-tree density.
Mating distances, have been estimated in only a few neotropical rain forest trees and none are available in Asian tropical rainforest trees. We have compared our results with those in the neotropical rainforest trees studied; Pithecellobium elegans, Platypodium elegans (emergent trees), Astrocaryum mexicanum (subcanopy tree) and Cordia alliodora (understory tree). The hypothesis that performance of pollinator and flowering-tree density are responsible for mating distance is supported by two cases of emergent neotropical trees with long-distance pollinator and low flowering-tree density, in which the mating distances were estimated to be similar to that in N. heimii; estimated mating distance in Pi. elegans was 450 m and in Pl. elegans 525 m (Chase et al. 1996; Nason et al. 1998) . The former species is pollinated by a hawkmoth that is also known as a long-distance pollinator (Chase et al. 1996) and the latter is pollinated by a bee (Stacy et al. 1996; Nason & Hamrick 1997) . The density of potentially flowering Pi. elegans and Pl. elegans was 0.88 ha -1 and 0.78 ha -1 , respectively (Nason et al. 1998) . These values are similar to the density of potentially flowering N. heimii in the study plot (0.71 ha -1 ). Such low density (<1.0 ha -1 ) of flowering canopy trees with long-distance pollinators may mean mating distance of 500 m or even much further.
The expectation that flowering-tree density and performance of the pollinator are probably responsible for mating distance is also consistent with the estimated mating distance of A. mexicanum and C. alliodora, where there is a high tree density and short-distance pollination by a beetle and other small insects (Nason et al. 1998 ). In the case of A. mexicanum with extremely high flowering tree density (1364 ha -1 ), which is pollinated by beetles (Eguiarte et al. 1992) , the mating distance is about one tenth (60 m, Nason et al. 1998 ) that of the above three canopy species, N. heimii, Pl. elegans and Pi. elegans. C. alliodora has a lower flowering-tree density (20.9 ha -1 ) than that of A. mexicanum, and the mating distance (282 m) is longer than in the latter (Boshier et al. 1995; Nason et al. 1998 ) but shorter than those of the three species of emergent trees mentioned above. Despite the difference in geographical distribution, the mating distance we observed in N. heimii was consistent with that of the neotropical trees previously studied, which suggests the generality of our hypothesis that performance of the pollinator and flowering-tree density are probably responsible for mating distance. However, the mating distance in tropical trees has previously been reported only for seven species (Nason et al. 1998) . In a few neotropical tree species, both mating distance and pollinator are known. More information, such as the behaviour of the pollinator with regard to flowering-tree density and estimation of mating distance of other species, is needed for quantitative predictions of mating distances of tropical trees. Seed migrations were inferred from the observation of offspring whose haplotypes were incompatible with those of the nearest reproductive tree (Fig. 2, Table 2 ). It is obvious that fruits/seeds of N. heimii were carried by some dispersal vector. Four species (Ratufa bicolor, Callosciurus prevosti, Callosciurus notatus and Sundasciurus sp.) of seedpredatory squirrels have been observed to carry seeds of N. heimii in the study plot (M. Yasuda, personal communication). In particular, C. prevostii was often observed to visit N. heimii and carry its fruits (M. Yasuda, personal communication). Squirrels are effective seed dispersers for nut-bearing trees in temperate forests (Stapanian & Smith 1986; Vander Wall 1990) . In tropical forests, squirrels are fruit dispersers for some tree species (Becker et al. 1985) . Because squirrels are common in Pasoh forest (M. Yasuda, personal communication) and the migration of seeds was observed in all five reproductive trees (Fig. 2) , the seed migration probably occurs often among reproductive trees.
The observed number of seed migrations was highest around SP3, accounting for 24 out of 50 saplings (Fig. 2,  Table 2 ), whereas around SP2, migration accounted for only seven out of 48 saplings (Fig. 2, Table 2 ) despite the small intertree distance (40 m). The difference in seed migration rate around SP2 and SP3 was significant (P = 0.0005, Fisher's exact test). The local environment of these two trees did not appear to be different. Thus, the behaviour of seed dispersers affects the seed migration rate. Unfortunately, we were unable to determine the extent of this effect in the present study. Data are needed on the home range of the squirrels and correlation of their activity with the seed migration pattern in order to reveal the gene flow in N. heimii caused by these seed dispersers.
Genetic structure
We detected low genetic structure within the population of potentially flowering N. heimii in the study plot (Fig. 3) , probably because both long-distance pollen flow and seed migration were observed. A genetic structure would be determined as a negative correlation between genetic relatedness and spatial distance. Simulation studies showed that limited gene flow of both pollen and seeds precludes genetic differentiation within a population (Berg & Hamrick 1995; Epperson & Li 1997) . Thus, the existence of gene flow is a predominant characteristic of the population of N. heimii in the study plot. Our results showing a high level of gene flow and low genetic structure agree with the results of theoretical studies of genetic structure within population (reviewed in .
Utilization of the primer system
Although microsatellite primer systems are usually applied within the species in which they were developed, the primer system that was developed in Shorea curtisii (Ujino et al. 1998) worked effectively in N. heimii. This may be the greatest phylogenetic distance across which such primer system has been used successfully.
The number of detected alleles at Shc07 and Shc09 in the population of N. heimii, nine and 11 alleles, respectively (Table 1) , were almost the same as those in 40 adult S. curtisii in a primary forest population, i.e. 11 and nine alleles, respectively (Ujino et al. 1998) . In other loci, such as Shc02, Shc03 and Shc11, the number of detected alleles was different. Although only two and three alleles were detected in S. curtisii at Shc02 and Shc03, respectively (Ujino et al. 1998) , nine and six alleles, respectively, were detected at these loci in N. heimii. While four alleles were found at Shc11 in S. curtisii (Ujino et al. 1998) , this locus was monomorphic in N. heimii. These differences in allele number between species have also been found in phylogenetically closely related tropical Leguminosae species (Dayanandan et al. 1997 ). The observed heterozygosity over four loci in N. heimii (0.675, Table 1 ) was similar to that of S. curtisii (0.639 over 8 loci Ujino et al. 1998) .
The applicability of these primer systems to paternity determination in N. heimii was the same as in S curtisii because their paternity exclusion probability (Weir 1996) was similar: 0.97 in N. heimii (Table 1) , and for three loci in S. curtisii -Shc07, Shc09 and Shc11-0.96 (K. Obayashi, personal communication). This result implies that these primers are applicable for gene-flow studies in other dipterocarp species; the amplification of microsatellites have been reported in other dipterocarp taxa (Ujino et al. 1998) .
Remarks for conservation
If population of obligatory outcrossing trees are subdivided and their gene flow restricted, it may cause mating between relatives and increase expression of inbreeding depression (Alvarez-Buylla et al. 1996) . In the case of N. heimii, selfed offspring were detected in seedlings, but not in saplings (Table 2) . This result suggests inbreeding depression in surviving seedlings of N. heimii. The increased inbreeding that will be caused by limited gene flow will likely inhibit regeneration of its population.
The fragmentation of forests would affect the population of pollen and seed dispersal vectors more quickly than it would the host tree population, because the vectors' life span is considerably shorter than that of the trees, and the vectors might need a larger area than the host tree species to maintain a viable population. The vectors would be more vulnerable to habitat fragmentation. If they disappear, seed production or dispersal would dramatically decrease, causing serious reproductive deficiencies, such as reduction of fruits/seeds or inbreeding depression in the offspring population, even if no inbreeding depression is detected among adult trees. This hypothesis is supported by the following two examples in other trees. In S. curtisii, there was considerable increase in the selfing rate in a logged forest, although there was no difference in genetic diversity of adult trees between primary and logged forest ( K. Obayashi, personal communication). In other Shorea species, elevated inbreeding in logged forest was also suggested (Murawski et al. 1994) . In Corythophora alta in neotropical rainforest, a study suggests that forest fragmentation restricts seed migration ( by animal dispersion) dramatically, even when pollen flow may not be restricted (Hamilton 1999) .
Gene flow through both pollen and seed of N. heimii is probably mediated by several kinds of vector animals, highlighting the importance of conservation not only of the objective tree species but also of the mating and dispersal system including animal vectors
